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Callus production from root explants of the maize (Zea mays L.) inbred line 21 A-6 was optimal on a Murashige 
and Skoog medium to which 2% sucrose and 1.0 mg 1.1 2,4-dichlorophenoxyacetic acid (2,4-0) had been 
added. Embryogenic and non-embryogenic callus as well as somatic embryos were produced, and an organo-
genic type of root meristem formation was observed. The cultures became more embryogenic with time on the 
initiation medium, and a concurrent change in the callus morphology was noted. Stele explants which included 
the endoderm is and pericycle produced no callus. Cortical explants, however, produced callus which appeared 
to arise from parenchyma cells or from the four layers of epidermal and subepidermal tissue present. Although 
various stages of embryogenesis were observed in these cultures, plant regeneration was not achieved. 
Optimale kallusproduksie vanaf wortel-eksplante van mielies (Zea mays L.) inteellyn 21A-6 is op Murashige en 
Skoog-medium met 2% sukrose en 1.0 mg 1"1 2,4-dichloro-fenoksi-asynsuurverkry. Embriogenetiese en nie-
embriogenetiese kallus sowel as somatiese embrio's is gevorm, en 'n tipe organogenetiese wortelmeristeem-
formasie is waargeneem. Na 'n periode van tyd op die inisiasie-medium het die kulture meer embriogeneties 
geword, en terselfdertyd is 'n verandering in die morfologie van die kallus waargeneem. Geen kallus is vanaf 
steel-eksplante, wat die endoderm is en perisikel insluit, gevorm nie. Daar het wei kallus vanaf die parenchiem-
selle of vanaf die vier lae van epidermale en subepidermale weefsel van die kortikale-eksplante gevorm. 
Alhoewel verskeie stadia van embriogenese by hierdie kulture waargeneem is, is geen plantregenerasie verkry 
nie. 
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Introduction 
There have been few reports on the regeneration of plants 
[Tom root cuilures of the Gramineae, as these explants have 
been found to be recalcitrant with respect to the formation of 
morphogenic callus (Jackson et al. 1986). If their recalcitrant 
nature could be overcome, roots would be an ideal explant 
source for obtaining regenerated plants. Roots are plentiful, 
available at all times, are easy to excise and are also a well-
defined source of meristematic tissue. Jackson et al. (1986) 
and Zimny & Lorz (1986) also stated that the unpigmented 
nature of root protoplasts made them ideal for use as markers 
in protoplast fusion work. Plant regeneration from monocoty-
ledonous root cultures has only been reported from rice 
seedlings (Inoue & Maeda 1982; Abe & Futsuhara 1985), 
[rom roots derived from callus cultures of bamboo (Yeh & 
Chang 1986), and from rice root tip-derived suspended callus 
from which protoplasts were isolated and plants regenerated 
(Zimny & Lorz 1986). This study was undertaken to assess 
the possibility of using maize root explants as sources of 
embryogenic callus for plant regeneration, for the initiation of 
suspension cultures or for protoplast manipulations. 
Materials and Methods 
Callus Initiation 
Root explants were obtained from Zea mays L. (inbred line 
21A-6) seedlings germinated under sterile conditions. At the 
3- to 5-leaf stage, 2-cm root segments without root tips were 
excised from the seedlings' main roots . Two media, MS 
(Murashige & Skoog 1962) and N6 (Chu el al. 1975) were 
used to initiate callus. Various 2,4-D concentrations (0.5, l.0 
and 2.0 mg }"1) and sucrose concentrations (2, 6 and 9%) were 
used in the media to determine which combination was 
optimum for the induction of embryogenic callus. The media 
were solidified with 0.8% agar and the pH adjusted to 5.8 
with 0.5N NaOH. Four root explants were cultured per 60-
mm petri dish and 160 to 200 explants per medium were 
cultured in two separate experiments. Culture dishes were 
sealed (with Parafilm) and incubated in the dark at 28°C for 
30 days after which callus production was assessed as : 
(a) The percentage explants forming embryogenic callus 
(b) The fresh mass of callus produced. 
The final fresh mass was calculated by subtracting the initial 
fresh mass (calculated as an average of 22.2 mg from 70 
replicates). 
Regeneration from callus 
Root cultures were carried out as detailed above by using the 
medium determined as being optimal for callus induction, 
namely, MS + l.0 mg }"1 2,4-D + 2% sucrose. Six hundred 
replicates were done in two separate experiments. After 2, 3 
and 4 weeks of culture on the callus initiation medium, 
explants were placed on regeneration media of MS without 
2,4-D and with 2, 6 or 9% sucrose. This was done in an 
attempt to determine if time on the initiation medium and the 
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Table 1 The percentage of root explants 
forming embryogenic callus on MS medium 
with different sucrose and 2,4-D concentra-
tions. Different letters show significance at 
the 0.05 level of probability according to a 
Chi-square test. (n = 113-185) 
2,4-D (mg tl) 
% Sucrose 0.5 1.0 2.0 
2 57.4 b 85.9 a 48.0 b 
6 44.3 b 30.8 be 15.2 cd 
9 6.4 d 30.9 be 16.5 cd 
sucrose concentration in the regeneration medium, had an 
effect on embryogenesis (embryogenesis being defined as the 
production of embryogenic cells, embryogenic callus or 
somatic embryos). This was assessed after 4 weeks by visual 
observations of the callus and by acetocarmine squash 
preparations, which stains embryogenic cells or tissue a dark 
red (Johansen 1940). 
Origin of embryogenic callus 
Maize seedlings at the 5- to 6-leaf stage were used to culture 
the root stele and cortex separately in an attempt to determine 
which part of the root produced callus. The main root without 
the root tip was cut into 2-cm segments and the cortex was 
stripped from the stele by using two pairs of forceps. The 
stele and cortex segments were cultured, 5 per petri dish, on 
agar-solidified callus induction medium of MS + 1.0 mg rl 
2,4-D + 2% sucrose. The petri dishes were sealed and 
incubated in the dark at 28°C for 4 weeks. Segments of 
cultured whole root, stele and cortex were fixed in FAA 
(Formyl-aceto alcohol) for 1 week before being sectioned on 
a freezing microtome to show the types of tissues included in 
each explant type. The stele explants included the central 
vascular core plus the cell layers of the pericycle and 
endoderm is (Figure 4a). The cortical explants included cell 
layers of cortical parenchyma and about four layers of 
epidermal and subepidermal tissue. 
Results 
Callus initiation 
The results indicated that sucrose and 2,4-D concentrations 
Table 2 The percentage of root explants 
forming embryogenic callus on N6 medium 
with different sucrose and 2,4-D concentra-
tions. Different letters show significance at 
the 0.05 level of probability according to a 
Chi-square test. (n = 102-195) 
2,4-D (mg tl) 
% Sucrose 0.5 1.0 2.0 
2 52.0 b 73.8 a 48.1 b 
6 48.7 b 48.9 b 52.9 b 
9 24.7 c 20.5 c 28.1 c 
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Table 3 The final fresh mass (mg) of 
callus produced by root explants on an MS 
medium containing different sucrose and 
2,4-D concentrations. Values given are 
calculated on the basis of a regression 
mode/. Values followed by different letters 
indicate significance at the 0.01 level of 
probability 
2,4-D (mg tl) 
% Sucrose 0.5 1.0 2.0 
2 199.33 a 172.27 a 141.20 b 
6 87.39 c 80.21 c 83.82 c 
9 45.18 d 40.62 d 71.32 cd 
used in the media did influence the percentage of explants 
producing callus, and did affect the amount of callus 
produced (Tables 1-4). It was clear from these experiments 
that the percentage sucrose in the medium was the 
determining factor in the percentage explants that formed 
callus (Tables 1 & 2), as well as the final fresh mass of the 
callus produced (Tables 3 & 4). Significantly higher 
percentages of embryogenic callus production for both 
media, were obtained when 1.0 mg rl 2,4-D and 2% sucrose 
were used (Tables 1 & 2). At these concentrations the 
percentage of explants forming callus was higher with the 
MS than the N6 medium. At the sucrose concentrations of 6 
and 9%, however, the N6 medium generally showed a higher 
percentage of callus formation than the MS medium (Tables 
1 & 2). 
Callus started to form within a week of explant culture. 
Three types of callus were observed: 
(1) a yellowish, soft, friable, shiny and mucilaginous callus 
(Figure la) produced shortly after callus initiation. Aceto-
carmine preparations of this callus showed cells of an 
actively dividing, embryogenic nature. The cells which were 
small (= 30 J-Lm in diameter) were found in groups of 5 to 15 
cells. The cells were isodiametric and had a dense cytoplasm 
with many starch grains, a large nucleus and a prominent 
nucleolus. There were 'pockets' of embryogenic cells within 
areas of non-embryogenic, elongated cells (Figure Ib); 
Table 4 The final fresh mass (mg) of 
callus produced by root explants on an N6 
medium containing different sucrose and 
2,4-D concentrations. Values given are 
calculated on the basis of a regression 
model. Values followed by different letters 
indicate significance at the 0.01 level of 
probability 
2,4-D (mg J.I) 
% Sucrose 0.5 1.0 2.0 
2 107.82 cd 141.42 be 170.06 a 
6 73.23 d 108.1 I cd 167.33 a 
9 29.28 e 48.12 e 0.00 f 
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Figures 1-4 1. Embryogenic callus produced by Zea mays L. root cultures. a. Yellowish. soft and friable embryogenic callus. Arrows 
indicate somatic embryos. Bar represents 2 mm. b. Acetocarmine preparations of callus showing embryogenic (E). and non-embryogenic 
(NE) cells present in the root callus. Bar represents 50 j.Lm. 2. An acetocarmine-stained somatic embryo observed in embryogenic callus. Bar 
represents 150 j.Lm. 3. Organogenic root meristem development observed in root cultures. Bar represents 125 j.Lm. 4. Culture of stele and 
cortical explants. a. A section of a stele explant to show the presence of the endodermis (End) and the thickened cells of the pericycle (Per) in 
these explants. The lateral root (LR) can be seen to arise from the pericycle. Bar represents 25 j.Lm. b. Proembryo-like structures (arrowed) 
which developed from cortical cultures of the maize root. Bar represents 100 j.Lm. 
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Figure 5 The production of embryogenic and non-embryogenic 
callus from maize roots, after (a) 2 weeks, (b) 3 weeks and (c) 4 
weeks in culture. 
(2) a whitish, very friable, crisp and granular callus. This 
callus showed non-embryogenic, tubular and elongated cells 
(Figure Ib) which were vacuolate and had indistinct small 
nuclei and few or no starch granules; 
(3) a yellowish, harder, nodular type of callus produced later 
during culture. The nodules on this type of callus were found 
to be developing somatic embryos (Figure 2). 
Somatic embryos as well as an organogenic type of 
development in the form of root meristem formation was 
observed (Figure 3) in the root cultures. 
Attempted regeneration from callus 
The percentage explants producing embryogenic or non-
embryogenic callus varied over time (Figure 5). Two weeks 
after culture initiation, most explants produced non-
embryogenic callus, with the sucrose concentration in the 
regeneration medium apparently not having much effect. 
After 3 and 4 weeks on the initiation medium, the percentage 
explants displaying embryogenic callus had increased, 
especially at 4 weeks, when the percentage of explants with 
embryogenic callus was higher than that with non-embryo-
genic callus. At 4 weeks on the initiation medium, a sucrose 
concentration of 6% in the regeneration medium produced 
the most embryogenic callus. Squash preparations of root 
explants in acetocarmine confirmed that 6 or 9% sucrose in 
the regeneration medium best maintained embryogenic 
capacity, as clusters of small, densely cytoplasmic cells with 
very densely staining nuclei were observed. Somatic embryos 
were also observed in the squash preparations. 
Origin of embryogenic callus 
The cultured stele (+ pericycle) explants (Figure 4a), did not 
produce any callus and the explants became brown within 1 
week of culture. The cortical explants, however, produced a 
pale, whitish, soft and friable embryogenic callus. Acetocar-
mine squashes of this callus showed proembryo-like struc-
tures composed of densely packed embryogenic cells (Figure 
4b). Some cortical cultures produced numerous root hairs on 
the surface of the callus. Callus and somatic embryos arose 
from the root epidermal and subepidermal, or cortical paren-
chyma cells found in the cortical explants, and not from the 
pericycle cells found in the stele explants. 
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Discussion 
The effect of sucrose and 2,4-D concentration on callus 
formation from root explants indicated that the sucrose 
concentration should be low (Tables 1-4). This trend was 
observed for both the MS and the N6 media. Sucrose was 
shown to have a significant effect on callus formation. An 
increase in sucrose concentration resulted in a significant 
decrease in the percentage of explants forming callus (Tables 
1 & 2), as well as a significant decrease in the fresh mass of 
callus formed (Tables 3 & 4). The requirement for low 
sucrose concentration was also observed by several other 
authors working on Graminaceous tissue cultures (Green 
1982; Abe & Futsuhara 1985; Kamo et al. 1985). In this 
study, the concentration of 2,4-D in the medium did not have 
the same marked effect on callus formation as did the sucrose 
concentration. Lu et al. (1983), also reported that the effects 
of 2,4-D on callus production of maize were less marked than 
that of sucrose. Jackson et al. (1986) showed that the level of 
2,4-D did not affect the percentage of Lotium multiflorum 
root tips which started to produce callus, but did influence the 
type and quality of callus formed. There was an effect of the 
composition of different media, that is, MS and N6, on callus 
formation. The main difference between the media is in the 
form and amount of nitrogen supplied and this suggests that 
nitrogen may playa role in the expression of genes involved 
in regeneration (Hodges et al. 1986). 
Several of the root callus types found in this study have 
been reported by other authors. Abe & Futsuhara (1985) 
found an initially mucilaginous callus which became compact 
and white to pale yellow. It is suggested from observations of 
squash preparations in this study that this change in callus 
morphology (from mucilaginous and friable to nodular and 
hard), may represent a change from a callus with a relatively 
low embryogenicity, to a more embryogenic callus. Yeh & 
Chang (1986) also observed the change in callus morphology 
shown in this study. The root meristem formations observed 
in this study have also been reported by other authors 
working on maize and Dactytis glomerata (Molt & Cure 
1978; McDaniel et al. 1982). They described these root apical 
meristems as 'poorly differentiated structures, having well 
developed calyptrogens, and found near the periphery of the 
tissue' . The calyptrogens of the root meristems observed in 
the present study were very clear and enabled easy identifi-
cation of the structures as root meristems. 
Not much work has been done on the origin of callus in 
root cultures. Nishimura & Maeda (1982), working on rice, 
reported that callus tissue and lateral roots were induced in 
the pericycle cells of roots. This is not unexpected since 
pericycle cells retain their capacity for meristematic growth. 
The results of this experiment were therefore surprising since 
it was the cortical and/or epidermal cells of the root, and not 
the pericycle cells, that gave rise to callus. This demonstrated 
the totipotent potential of the cortical parenchyma and 
subepidermal and epidermal cells of the root. The cortical 
explants cultured in this study contained about four layers of 
epidermal and subepidermal cells and it is likely that these 
layers gave rise to callus. Cutter (1971) described cells called 
trichoblasts which are formed in the root epidermis of several 
Graminaceous species. Trichoblasts are distinct from 
neighbouring cells in size and metabolism and are formed by 
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the unequal division of a cell of the immature epidermis or 
protoderm. Trichoblasts are small, densely cytoplasmic cells, 
and this indicates their meristematic nature. This is supported 
by the fact that these cells give rise to root hairs, ~nd it is 
proposed here that they may therefore also proliferate to 
produce callus. It was shown in this study that the cultured 
cortical explants did produce numerous root hairs on the 
surface of the callus. These possibly arose from trichoblasts 
or meristematic trichoblast-like cells in the epidermis, and it 
is suggested here that callus production may be initiated in a 
similar fashion. 
In maize, plant regeneration has not yet been achieved 
from root explants, although in this study embryogenic callus 
and somatic embryos were produced. These experiments 
have therefore shown the totipotency of maize roots. 
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